A typical problem related to airline crew management consists of optimally assigning the required crew members to flights for a period of time, while complying with labor regulations, safety rules and policies of the airline. This problem, called the Crew Assignment Problem (CAP), is a combinatorial optimization problem. Hence, a Hybrid Genetic Algorithm (HGA) associated with a constructive heuristic and a local search was developed. The HGA was tested and applied to solve instances related to a Brazilian airline.
INTRODUCTION
The Crew Assignment Problem (CAP) treated in this study is defined as the problem of assigning a set of flights of a given aircraft type to a set of crew members of the same category (in this case, pilots).
CAP is a combinatorial optimization problem, making it difficult (or even impossible) to be solved by exact methods (Barnhart et al., 2003) ; (Kohn and Karisch, 2004) ; (Gopalakrishnan and Johnson, 2005) . Zeghal and Minoux (2006) formulated the CAP as a large scale integer linear problem. Since feasible integer solutions could not be reached for some instances, they proposed a heuristic based on a rounding strategy embedded in a partial tree-search. Lucic and Teodorovic (2007) solved real instances through Simulated Annealing, Genetic Algorithm and Tabu Search. Souai and Teghem (2009) proposed a Genetic Algorithm associated with three local search heuristics to solve CAP.
In this study, a Hybrid Genetic Algorithm (HGA) is proposed, tested and applied to solve CAP instances related to a Brazilian airline. Relative to the research of Souai and Teghem (2009) , the proposed HGA incorporates new mechanisms in the initial population generation, in the crossover operator and in the local search.
The paper is organized as follows. In Section 2, the proposed HGA is describes. Section 3 presents the results of tests and applications, and Section 4 the conclusions.
THE PROPOSED HGA
The input to a CAP is the set of flights to be covered. Initially, the flights are grouped to form duty periods that are series of sequential flights comprising a day's work for a crew member. Then, the duty periods are assigned to the crew members, considering the rules and regulations, the crew members' availabilities, and the minimization of crew total cost.
The rules and regulations applicable to CAP in the Brazilian context present some specific constraints, but comply with international ones (ANAC, 2011); (SNA, 2011) .
Each crew member has a personalized calendar of availability, which takes into account a set of previously assigned activities. The crew members receive a fixed salary for 54 flying hours per month (minimum guarantee) and an additional remuneration for each exceeding flying hour. As a quality criterion, the total flying time should be balanced among the crew members, aiming at the equalization of salaries. Figure 1 presents the HGA pseudocode. The HGA is executed until the number of generations (Gen) reaches a predefined value (MaxGen). At each generation, N new solutions (offspring) are produced, where N is the population size. The mutation operator is applied with probability Pm to one of the solutions generated at the crossover. A local search heuristic (LHS) is applied to the best solution produced at each generation. A new population is formed by the best parents and offspring of the current generation. 
Chromosome Encoding
A matrix
represents the chromosome.
A gene kj x takes value 0 if the crew member k is not assigned to any duty period on day j (day free), value -1 if the crew member k is unavailable to work on day j, or a positive integer value d representing the code associated to the duty period
assigned to crew member k on day j. The cost of a chromosome n is computed through expression (1), where k c is the cost of the duty periods assigned to the crew member k, and k y is equal to 1 if the crew member k is used in the solution n, and zero otherwise.
The cost of the duty periods assigned to each crew member k K is computed through expression (2), where 1  is the fixed salary of a crew member, k D is the set of duty periods assigned to the crew member k, d ft is the total flying time of the duty period d, MG is the minimum guarantee of a crew member, 2  is the additional remuneration for each exceeding flying hour, and d c is the cost of duty period d.
The cost of a duty period d is computed through expression (3) and equals the idle time cost of the crew member plus the overnight rest period cost. So,  is the work cost per minute of a crew member, elapse is the maximum elapsed time allowed for a duty period, bt is the brief time, d ft is the total flying time of the duty period d, dt is the debrief time, and c oc is the overnight cost in city c.
Initial Population
The initial population of N chromosomes is built using a constructive heuristic. It is a simple greedy approach that sequentially defines the duty period assignments for the first day of the planning horizon, then for the second, and so on (day-by-day). This method is composed of the following steps:  Step 1: Build the optimal (or initial) set of duty periods (expression (4) 
The set partitioning problem is NP-Hard (Nemhauser and Wolsey, 1999) . So, it is very unlikely that there is an efficient algorithm which will always solve the problem optimally. Thus, a strategy based on savings heuristic is also proposed. The savings heuristic is an adaptation of the parallel version of the savings heuristic introduced by Clarke and Wright (1964) .
At first, each flight The duty period assignment is addressed to produce a legal solution. The pseudocode of this step is show in Figure 2 .
The choice order of the crew members (line 3) and duty periods (line 6) at each iteration influences the balance of total flying time among the crew members. Hence, eight combined alternatives were proposed for this choice, as shown in Table 1 . Three distinct strategies were considered, to say, DET, RAND and GRASP. In the DET strategy, the first crew member In the RAND strategy, crew members or duty periods are randomly selected. The GRASP strategy follows a procedure based on the construction phase of the GRASP metaheuristic (Feo and Resende, 1995) . In this case, a restricted candidate list (RCL) of the top q crew members
is built, where
Finally, a crew member k RCL or a duty period d RCL is randomly chosen. The constructive heuristic does not guarantee the coverage of all planned flights. In some cases the crew members can fly as passengers in a duty period. This type of flight is used to reposition a crew member to a city, or to enable the crew member to return to his home base. Consequently, the fitness of a chromosome n with non covered or over-covered flights is penalized (see Section 2.3).
Fitness Function
The fitness function of a chromosome is defined by expression (5), considered by Souai and Teghem (2009) 
The expression (6), adapted from Souai and Teghem (2009) , is used to calculate the total cost of each chromosome n of the current population, where n Pena is the penalty of the solution n related to non covered and over-covered flights, n C is the cost of chromosome n (expression (1)), and n  is the standard deviation function of flying time assigned to the crew members in the chromosome n.
The parameters 1  and 2  must be adequately defined to hierarchically minimize the three terms of the expression (6).
The value of the parameter 1  must ensure that
 is calculated as follows: first, the inactive duty period cost is determined; then a illegal solution is generated, where the inactive duty period is assigned to the all crew members k K in each day j J; and finally the value of 1  is determined by expression (7), where
is the maximum cost of illegal schedule assigned to a crew member k.
The value of 2  is defined through expression (8) 
Crossover and Mutation
The crossover operator consists of swapping g genes 1 kj x   between the selected parents. At this point, three different crossover strategies were considered, named as SC (Simplified Crossover), PC (Probabilistic Crossover), and RC (Random Crossover). SC and PC strategies were introduced by Souai and Teghem (2009) .
In the SC strategy, a number g is randomly defined, where
genes are selected at random, so that two genes are not selected in the same row k or same column j. Finally, only the selected genes are swapped.
In the PC strategy, the random selection of g distinct genes is performed as in the SC strategy. Next, the selected genes that do not violate the legality of the solution are automatically swapped. For other selected genes, the exchange will depend on the degree of illegality of the solution, measured by the penalty of day j. More precisely, if
where X is the current solution (parent) and X' is the new solution (offspring). Otherwise, the exchange is accepted with a probability
In the RC strategy, a number g is determined at random, where
. Then, g distinct genes are randomly selected, so that two genes can be selected in the same row k or same column j.
The mutation operator consists to randomly swapping two genes 1 kj x   of an offspring. The legality of the solutions is not assured by the crossover and mutation operators. Therefore, the set When a legal duty period is not identified in the repair heuristic ( k j D   ), gene kj x removed during crossover or mutation is restored. Accordingly, the legality of any solution at the end of the repair heuristic is ensured.
Local Search Heuristic (LSH)
A LSH is applied to the best offspring produced at each generation, in search for a better solution. Hence, given a solution x*, two neighbouring solutions x' are explored through two distinct movements: the reassignment and the exchange movements.
The reassignment movement consists of removing a duty period assigned to a given crew member and then reassigning it to another crew member available on the same day. The exchange movement consists of swapping the duty periods assigned to two crew members on the same day. In both movements, the selection of days, crew members and duty periods is done at random.
If one of the neighbouring solutions x' is better than the solution x*, then x* is replaced by x'. The illegal solutions x' are discarded.
TESTS AND APPLICATIONS
The developed HGA was tested to solve two instances of the CAP associated to the operation of a Brazilian airline:  Instance 1: assign 208 flights to 10 pilots for the period from 02/01/2011 to 02/14/2011;  Instance 2: assign 416 flights to 12 pilots for the period from 02/01/2011 to 02/28/2011. The HGA was implemented in C and compiled using the Microsoft Visual Studio 6.0. The program was run on a microcomputer PC Intel Core Duo, 1.66 GHz, with 1GB of RAM, under Microsoft Windows XP -SP3.
The mathematical model used in the duty period enumeration (Section 2.2) was solved by the linear programming package CPLEX 11.0 (ILOG, 2007) . The random number generator was the Mersenne Twister (Matsumoto and Nishimura, 1964) .
The HGA was run 10 times for each instance, with 10 different random seeds (seeds from 1 to 10 on the Mersenne Twister). For each run, it was considered a maximum of 50,000 generations, a population of 200 chromosomes, and a probability of mutation Pm=0.3%.
It is important to emphasize that in the step 1 of the constructive heuristic both strategies achieved the same optimal set * j D . Accordingly, these strategies did not directly influence the HGA results. Tables 2 and 3 Note that the D alternative with random crossover (RC) produced the best average total cost value for both instances. Alternatives D, E and F provided more robustness in the largest instance (instance 2). In contrast, alternatives A, C and G showed less robustness for the larger instances.
Predominantly, the RC crossover strategy led to more effective solutions than other crossover strategies (SC and PC) for both instances.
The average total cost value as a function of the association of HGA with the local search heuristic (LHS) was also evaluated, taking into account the results obtained for the D alternative combined with RC crossover strategy (the best one). Without the association with LSH, HGA achieved an average total cost of 171.07 for instance 1 (4.31% higher) and an average total cost of 252.42 for instance 2 (2.49% higher). 
CONCLUSIONS
This study treated the Crew Assignment Problem (CAP), important part of the airlines operational planning. A Hybrid Genetic Algorithm (HGA) associated with a constructive heuristic and a local search was developed. The HGA yielded feasible and efficient solutions for the considered instances with reduced CPU times (order of 8 to 14 minutes).
Elements of the GRASP metaheuristic combined with a constructive heuristic led HGA to be more robust and effective. The introduction of the local search heuristic (LSH) proved to be a way to get more effective solutions for the CAP. Besides, the RC (random crossover) strategy proposed in this study was more effective than other crossover strategies (SC and PC) found in the literature.
